Sucrose non-fermenting 1 (Snf1) protein kinase, a yeast homologue of mammalian AMP-activated protein kinase, plays a main role in transcriptional activation and repression of gene expression. In addition, Snf1 kinase has a broad role in the cellular response to several forms of stress, such as nutrient limitation, salt stress and heat shock.
Introduction
The yeast Saccharomyces cerevisiae regulates metabolism, gene expression and growth in response to a variety of different environmental signals. For example, the presence of glucose (the most prefered carbon source of yeast) induces the expression of several genes such as those encoding glycolytic enzymes, ribosomal proteins and some glucose transporters (see [1, 2] for review). On the other hand, glucose represses the expression of a large number of genes, including those involved in the utilization of alternative carbon sources, gluconeogenesis and respiration by a process known as 'glucose repression' (see [2] [3] [4] [5] for review). Biochemical and genetic studies have identified several crucial players in these pathways. Among them, sucrose non-fermenting 1 (Snf1) protein kinase is a key component in the cellular response to fluctuations in the levels and quality of the carbon source in the surrounding media. Snf1 is a serine/threonine protein kinase (α subunit) found in heterotrimeric complexes containing the activating γ subunit Snf4 and members of the Sip1/Sip2/Gal83 family (β subunits). It is conserved in fungi, plants and mammals, having broad roles in transcriptional and metabolic responses to a variety of different cellular stresses [6] . In this study I will summarize the involvement of Snf1 kinase in several of these stress responses.
by dephosphorylation, with the Reg1/Glc7 PP1 protein phosphatase complex and the glycolytic enzyme hexokinase PII (Hxk2) being involved in this inactivation [9, 10] .
In addition to the role that Snf1 kinase plays in transcriptional activation (see above), it is also involved in transcriptional repression of genes induced by glucose. Activation of Snf1 kinase, either by manipulating the physiological environment (growth in low-glucose conditions) or by eliminating any of its negative regulators, such as Hxk2 or Reg1, leads to an inhibition of HXT1 expression (encoding a low-affinity yeast glucose transporter) [11] . In this way Snf1 kinase would mimic the effect of its mammalian homologue AMP-activated protein kinase in transcriptional regulation, which has been described to inhibit the expression of glucoseinduced genes such as those encoding l-pyruvate kinase, fatty acid synthase, acetyl-CoA carboxylase, spot 14 and preproinsulin [12, 13] .
In addition to transcriptional regulation, Snf1 kinase also regulates several other processes that are characteristic of the nutrient limitation status.
Glycogen synthesis
It is known that glycogen synthesis is stimulated by nutrient limitation. The main enzymes that synthesize glycogen are glycogen synthase (GSY2 gene) and the glycogenbranching enzyme (GLC3 gene). The activity of Gsy2 is regulated by phosphorylation, being active only when it is dephosphorylated. The inactivation of Gsy2 by phosphorylation is regulated by the cAMP-dependent protein kinase A (cAMP-PKA) pathway and also by the glycogen synthase kinase Pho85 (a member of the cyclindependent kinase family) [14] . The dephosphorylation and activation of Gsy2 is carried out by the Gac1/Glc7 protein phosphatase complex [15] . Snf1 kinase plays a major role in glycogen synthesis, since snf1 mutants fail to accumulate glycogen in response to nutrient limitation [16] . Recent data indicate that Snf1 kinase is necessary for the dephosphorylation and activation of Gsy2. Snf1 kinase inactivates Pho85 kinase and activates the Gac1/Glc7 protein phosphatase complex, allowing in this way the activation of Gsy2 under conditions of nutrient limitation [14, 15] . The fact that snf1 mutants are unable to accumulate glycogen (a reserve carbohydrate) could be the reason why these cells lose viability upon nutrient limitation [16] .
Lipid biosynthesis
Nutrient limitation also triggers the inhibition of anabolic pathways. It has been found that Snf1 kinase regulates negatively the activity of acetyl-CoA carboxylase (the first enzyme of the fatty acid synthesis pathway; it makes malonyl-CoA from acetyl-CoA), inhibiting in this way lipid biosynthesis [17] . Snf1 kinase also regulates positively the expression of INO1 (a gene required for an early rate-limiting step in inositol-containing phospholipid biosynthesis). As a result, snf1 mutants are auxotrophs for inositol. Recently, it has been found that mutations in ACC1 (encoding acetylCoA carboxylase) and FAS1 (encoding fatty acid synthase) suppress the inositol auxotrophy of snf1 mutants, indicating that this auxotrophy arises in part from elevated Acc1 activity in the mutants [18] .
Protein translation
Glucose depletion leads to a specific, rapid and reversible inhibition of protein synthesis [19, 20] . The inhibition of translation by glucose withdrawal does not occur through previously described translational inhibitory mechanisms, such as Gcn2 phosphorylation or dephosphorylation of eukaryotic initiation factor-2α (eIF-2α) [20] or 4E-BP (an eIF4E-binding-protein inhibitor) [21] . This new glucosedepletion inhibitory mechanism of translation initiation is prevented in the presence of an active form of Snf1 kinase in glucose-growing cells [20] . It is also prevented in mutants with low cAMP-PKA activity (tpk1w1 tpk2 tpk3). Therefore, glucose-growing cells that are either Snf1 kinase-active or cAMP-PKA-inactive (mimicking in this way conditions of glucose absence) would be preadapted to the inhibitory effects of glucose removal upon translation [20] .
General stress response
Stress factors influence cellular metabolism, gene expression and growth rate by a 'general stress response' system that regulates the co-ordinated induction of many stress genes through a common cis element in their promoter, the stressresponse element (STRE) [22] . This element is regulated by two functionally redundant trans-activating factors named Msn2 and Msn4 [22] . In the case of carbon-starvation stress, two regulatory pathways have been implicated in the regulation of the subcellular localization of Msn2/4. Firstly, an inverse correlation between cAMP-PKA activity and nuclear localization of Msn2 has been found. Glucose activates cAMP-PKA that phosphorylates Msn2, allowing its exit from the nucleus [23] [24] [25] . Secondly, it has been described that the target of rapamycin kinase (TOR kinase) pathway regulates the permanence of Msn2 in the cytosol. Glucose activates TOR kinases that inhibit the dephosphorylation of Msn2, maintaining Msn2 in the cytosolic compartment [26] . Recently we have shown that Snf1 kinase also participates in the regulation of the subcellular localization of Msn2. In the absence of negative regulators of Snf1 (reg1 or hxk2 mutants), Snf1 kinase is abnormally active in glucose-growing cells and inhibits the nuclear import of Msn2 upon carbon starvation. This effect is only dependent on carbon starvation since activation of Snf1 kinase has no effect on osmotic or heat-shock induction of Msn2 nuclear import. Active Snf1 kinase is also able to avoid the effects of rapamycin, a drug that by inhibiting the TOR kinase pathway leads to the nuclear accumulation of Msn2 in wild-type cells. Therefore, active Snf1 kinase and the TOR kinase pathway may affect similar cytosolic steps in the regulation of the subcellular localization of Msn2 [27] .
The TOR and Snf1 kinase pathways also converge in the regulation of the subcellular localization of Gln3, a GATA-transcription factor involved in the activation of nitrogen-catabolite-repressible genes. When TOR is active, phosphorylated Gln3 is anchored to Ure2 in the cytosol. Upon inactivation of TOR (either by nutrient depletion or by rapamycin treatment), Gln3 is released from Ure2 and imported to the nucleus, where it activates the expression of nitrogen-catabolite-repressible genes. Active Snf1 kinase also interacts with and phosphorylates Gln3, promoting nuclear internalization of the transcription factor. The effect of Snf1 kinase on Gln3 is again only dependent on carbon starvation [28] .
The interconnection between the TOR and the Snf1 kinase pathways is further demonstrated by the fact that snf1 and snf4 mutants are resistant to rapamycin (25 nM), whereas reg1 mutants (displaying high Snf1 kinase activity) show hypersensitivity to the drug [28] . These results suggest that Snf1 kinase negatively participates in cellular processes that involve TOR kinases.
Salt stress
The relationship between Snf1 kinase and salt stress has been demonstrated by the fact that snf1 mutants show a severe growth defect in the presence of 1.2 M NaCl or 0.3 M LiCl. This effect is not a consequence of the high osmolarity of the medium since the mutants grow like the wild type in 1.2 M KCl, 200 mM CaCl 2 or 1.8 M sorbitol [29] . Other genetic combinations that decrease Snf1 kinase activity, e.g. std1 mth1 double mutants (Std1 and Mth1 are components required for the activation of Snf1 kinase, so in double std1 mth1 mutants Snf1 kinase is not properly activated [30] ), also show high sensitivity to 1 M NaCl (and 0.3 M LiCl) but not to 1 M KCl or 1 M sorbitol [31] . On the other hand, activation of Snf1 kinase by eliminating negative regulators such as Reg1 or Hxk2, or by overexpressing Std1, improves growth in NaCl-containing media, confirming the involvement of Snf1 kinase in the salt-stress response [31] . Recent data indicate that Snf1 kinase is involved in the regulation of ENA1 expression, a P-type ATPase involved in the extrusion of cytosolic Na + . Glucose represses ENA1 expression by the action of Mig1 and Ssn6/Tup1 repressors, this regulation being independent of the HOG1 and calcineurin (protein phosphatase 2B) pathways that additionally regulate ENA1 expression [29] . The dual regulation of ENA1 expression by salt stress and glucose repression is also observed in the regulation of DOG2 expression (encoding a 2-deoxyglucose-6-phosphate phosphatase of unknown function). DOG2 is activated in response to carbon starvation by a mechanism dependent on Snf1 kinase and Mig1, this regulation being independent of the induction of DOG2 in response to osmotic stress, which is dependent on the HOG1 pathway [32] . It has also been described recently that exposure of cells to high NaCl concentrations induces phosphorylation of Snf1 kinase at residue Thr-210. However, this does not cause activation of the Snf1 complex, indicating that although Thr-210 phosphorylation is required, additional steps are needed for the complete activation of Snf1 kinase [33] .
Heat shock
The dual regulation of gene expression by two different stress conditions is also observed in the regulation of the CUP1 gene, encoding a yeast metallothionein. CUP1 expression is activated in response to heat shock and glucose starvation through the action of heat-shock factor (Hsf1) and heat-shock element (HSE) located within the CUP1 promoter. It has been observed that in snf1 or snf4 mutants, induction of CUP1 by carbon starvation is abolished, without affecting heat-shock-induced regulation [34] . Glucose starvation induces activation of CUP1 by a process dependent on the phosphorylation of Hsf1 by Snf1 kinase. This phosphorylation causes trimerization and activation of Hsf1 [35] . This is probably the reason why snf1 mutants are more sensitive to heat stress [16] , since Hsf1 activity may not be appropriately regulated.
In conclusion, Snf1 protein kinase participates in the regulation of different cellular responses to different forms of stress ( Figure 1 ). This could be an indication of the key role of the kinase as a sensor of the fuel and stress status of the cell. 
